ABSTRACT: This study examined the faunal communities associated with beds of the hydrocarbon seep mussel Bathymodiolus childressi in the Gulf of Mexico and the relationships between these communities and local environmental characteristics. Mussels, their associated fauna and accompanying water chemistry parameters were collected at 17 locations across 4 hydrocarbon seep sites. A total of 19 species, mostly seep endemics, were identified. Species richness and fauna density were significantly and negatively correlated with methane concentration and were significantly and positively correlated with oxygen concentration. Canonical Correspondence Analysis (CCA) separated polychaetes, alvinocarid shrimp and gastropods along gradients of methane and oxygen concentrations. Polychaetes and alvinocarid shrimp tended towards lower oxygen and higher methane concentrations and gastropods tended towards higher oxygen and lower methane. The larger-sized predaceous gastropods and decapods were associated with lower sulfide and higher oxygen concentrations. The proportion of the community comprising of endemic species was significantly and positively correlated with mussel biomass and shell surface area. Other measures of habitat complexity (mussel density, shell surface area and biomass) explained little of the variation in the associated faunal communities. The results suggest that oxygen and methane availabilities play a substantial role in structuring these communities with several dominant seep heterotrophs partitioning resources among different microenvironments.
INTRODUCTION
Hydrothermal vents and cold seeps host highdensity communities that contrast sharply with the surrounding sparsely populated deep-sea floor (Tunnicliffe 1991 , Sibuet & Olu 1998 . Production, driven by bacterial chemoautotrophy, provides the nutrition necessary to support the high biomass associated with vent and seep systems (Fisher 1996) . Sessile invertebrates, such as vestimentiferan tubeworms, bathymodiolid mussels and vesicomyid clams that are dependent upon chemoautotrophic bacterial symbionts for nutrition, typically dominate vent and seep communities . The physical structures created by these symbiontbearing invertebrates in turn provide habitat for a diverse array of heterotrophic fauna including gastropods, polychaetes, decapods, and fish (Sarrazin & Juniper 1999 , Van Dover & Trask 2000 , Bergquist et al. 2003 .
At cold hydrocarbon seeps on the upper Louisiana slope (ULS) of the Gulf of Mexico, the mussel Bathymodiolus childressi represents one of the most numerous and widespread of the symbiont-bearing, structure-forming invertebrates. B. childressi obtains the bulk of its nutrition from methanotrophic symbionts housed within its gills (Childress et al. 1986 , Cary et al. 1988 , Streams et al. 1997 ) and inhabits areas of relatively vigorous seepage (Nix et al. 1995) . These habitats are generally characterized by high methane concentrations, low oxygen concentrations, and occasionally abundant crude oil and hydrogen sulfide (Smith et al. 2000 , Bergquist et al. 2004 ). However, the chemical environments and characteristics of the resident mussels tend to differ substantially among different seep sites and mussel beds within a seep site. Mussel beds located in areas dominated by petroleum seepage (MacDonald 1998) tend to be characterized by low methane and high sulfide concentrations, abundant crude oil, and mussels with a relatively slow growth rate and poor physiological condition (Nix et al. 1995 , Bergquist et al. 2004 . Mussel beds located in seep sites dominated by brine (MacDonald 1998) tend to be characterized by higher methane and lower sulfide concentrations, little crude oil and by mussels with a relatively faster growth rate and better physiological condition (Smith et al. 2000 , Bergquist et al. 2004 . Within seep sites, all these characteristics tend to vary substantially among mussel beds and can vary among different portions of a single mussel bed. For example, at one well studied brine-dominated site (Brine Pool NR 1), a single large mussel bed encircles a pool of supersaturated brine (MacDonald et al. 1990 ). The inner edge of the mussel bed is broadly characterized by high methane and low sulfide concentrations, supporting smaller mussels with a fast growth rate. The outer edge of the mussel bed is characterized by lower methane and higher sulfide concentrations, supporting larger mussels with a slower growth rate (Smith et al. 2000) . Thus, the shell matrices of B. childressi beds represent a wide range of habitat characteristics, but the relationships between the resident fauna and the physical, biological and chemical characteristics of these mussel beds have not been examined. Carney (1995) reported that the fauna associated with beds of Bathymodiolus childressi are dominated by detritivorous gastropods, polychaetes and crustaceans and tend to be homogenous in composition among different mussel beds even those separated by tens of kilometers. Unfortunately, the collections in that study were not quantitative and accompanying environmental characteristics were not determined. The goals of the current study are: (1) to characterize the communities associated with beds of B. childressi on the ULS, and (2) to determine whether these communities vary with local environmental characteristics.
MATERIALS AND METHODS
Site descriptions. During July and August of 1995 and 1997, mussel beds were sampled at 4 geographically distinct sites within the Minerals Management Service (MMS) Green Canyon and Garden Banks leasing blocks on the ULS of the Gulf of Mexico (Fig. 1) . Two sites characterized by pooled hypersaline fluids that were saturated with methane were designated 'brine' sites, and 2 sites characterized by an abundance of hydrocarbons in sediments near the seafloor were designated 'petroleum' sites. The first brine site, Brine Pool NR1 (BP), was located at 27°43' 24" N , 91°16' 30" W and at a depth of 650 m within the MMS Green Canyon leasing block 233. The site was characterized by a single large pool of brine 22 m in length and 11 m wide, with salinity levels of 120 g kg -1
. The pool was surrounded by a single continuous mussel bed (Bathymodiolus childressi), varying in width from 3 to 7 m and covering an area of ~540 m 2 (MacDonald et al. 1990 ). The mussel bed was divided into 2 visibly distinct zones: inner and outer. The inner edge was characterized by an abundance of smaller mussels at high densities. The outer edge was predominately large individuals occurring at lower densities with numerous disarticulated shells (Smith et al. 2000) . The second brine site (GB) was located at 27°37' N , 92°11' W and at a depth of ~670 m within the MMS Garden Banks leasing block 425 (MacDonald et al. 2000) . This site supported a patchy distribution of high-density mussel beds, with very few vestimentiferans. Unlike BP, this site did not have a distinct, welldeveloped brine pool but was characterized by brine saturated (133 g kg -1 ), almost liquid sediments (MacDonald 1998).
The first petroleum site, Bush Hill (BH) was located at 27°47' N , 91°30' 24" W at a depth of 540 to 580 m at . The main portion of BH (~10 000 m 2 ) supported a large number of vestimentiferan tubeworm assemblages and numerous mussel beds ranging in size from 1 to 20 m 2 . Additional scattered mussel beds and tubeworm clumps were found in the 120 000 m 2 area surrounding the main site. The second petroleum site (GC) was located at 27°44.7' N , 91°13.3' W , at a depth of ~540 m within the MMS Green Canyon leasing block 234 . Seep fauna at GC occured over an area of several square kilometers, and the central portion of this site supported an abundance of very large vestimentiferan aggregations and numerous mussel beds. Actively bubbling methane has commonly been observed in these mussel beds and much of the sediment was oil stained. Methane hydrates breached the seafloor in several locations at both of these petroleum sites (MacDonald et al. 2003) .
Water sampling and analysis. Water among mussel beds from each of the 4 sites was sampled using the Johnson Sea Link II manned submersible (Harbor Branch Oceanographic Institution). Prior to the animal collections in each bed, 3 to 5 water samples were collected within the beds, 2.5 cm beneath the top surface of the mussel shells, using equipment and methodology described by Nix et al. (1995) and Smith et al. (2000) . Samples were drawn into syringes primed with a zinc acetate solution (4:1 0.12 M zinc acetate: 1.5 M NaOH), which prevented the oxidation of sulfide in the sample by forming zinc sulfide (Gilboa-Garber 1971). All samples were acidified to release the sulfide and processed using a modified gas chromatograph that allowed the simultaneous quantification of methane, total sulfide (the sum of S 2 -, HS -, and H 2 S) and oxygen (Childress et al. 1984) on board the ship. Due to impurities in the carrier gas used in 1997, absolute concentrations of oxygen and sulfide were unreliable. These values should be internally consistent as they were all obtained using the same carrier gas.
Fauna collections. Following the completion of water sampling, mussels were collected by placing a stainless steel ring, measuring 23 cm on all sides, in a position that the submersible pilot judged to be representative of the mussel bed, amenable to collection, and undisturbed (Smith et al. 2000) . In 1995, a round ring with a collection area of 0.196 m 2 was employed, and in 1997 a square 'ring' with a collection area of 0.164 m 2 was employed. Once the ring were positioned, all mussels and fauna within them were collected by scooping them into a temperature-insulated box on the front of the submersible. A suction device was then used to ensure all remaining contents within the ring were collected. In order to record any fauna that may have escaped collection, the entire process was observed by a scientist in the submersible and documented using a video camera.
In total, 17 collections were made using this methodology. One collection was made at each of the 4 different mussel beds at BH (1997), 1 at each of 2 different mussel beds at GC (1997), 1 at a single mussel bed at GB (1997) and 10 from the single continuous mussel bed at BP (6 in 1995 and 4 in 1997) . At BP in 1995, 2 collections were made along the inner edge, 2 along the outer edge and 2 in the middle of the single large mussel bed encircling the pool of brine. In 1997, the corners of the square 'ring' forced the mussels and their associated fauna beneath the surface of the underlying brine, compromising our ability to collect all of the organisms. As a result of this, we have only reported the habitat and community characteristics for these 4 collections and have not included them in the formal analyses.
The contents of the collection box were poured through a 2 mm sieve and the fauna were separated from the retained debris on board the ship. The shell length of each mussel was measured using calipers, and a sub-sample of 6 to 12 mussels were prepared from each collection for later determination of shell surface area and tissue mass. The shell of each subsampled individual was carefully prised open, its adductor mussels were cut and the remaining tissue was then scraped into a pre-weighed sample bag. These samples were stored at -20°C, transported to the lab and stored at -70°C. The shells were cleaned, dried and labeled for later determination of shell surface area. The remaining (non-mussel) fauna were preserved in 7% formalin.
In the lab, mussel tissue ash-free dry weight (AFDW) was determined for each individual in order to derive an equation relating individual mass to shell length. We removed all solid tissue from the sample bag and homogenized it using stainless steel scalpels. Three sub-samples of the tissue homogenate were weighed wet, dried to a constant mass at 60°C (approximately 48 h), weighed dry, then ashed at 500°C to obtain an AFDW. These samples were used to derive a wet weight to AFDW conversion factor for each individual. The total AFDW of solid tissue for each individual was then calculated from the total wet weight of its original homogenate and its individually derived conversion factor. Additional sub-samples of the internal fluids remaining in the sample bag were processed as described above for the solid tissue. Total individual tissue mass was then calculated as the sum of total solid tissue AFDW and total internal fluid AFDW. Because the relationship between AFDW and shell length is known to vary between mussel beds (Bergquist et al. 2004 ) an equation predicting mass from shell length was derived for each collection individually.
Surface area of mussel shells (SA) was calculated by applying the empirically determined relationship between the mass of aluminum foil required to cover the outer surface of a mussel shell and the length of the shell. Thirty mussel shells, representative of the typical size range found at the sites, were used to derive this relationship. The outer surfaces of the mussel shells were carefully wrapped with stock aluminum foil paying special attention to avoid overlapping any regions, and the foil was trimmed around the perimeter of the shells. The mass of the aluminum foil was converted to surface area using the known mass of the stock aluminum foil (0.00597 g cm -2 ). The relationship between SA and shell length was determined by plotting the natural logarithm of the surface area against the natural logarithm of length to obtain an equation of the form SA = a × length where a and b are constants derived through linear regression. This mathematical relationship was then applied to all of the mussels in each collection, and the estimated individual surface areas were summed to obtain a total shell surface area for each collection.
The associated fauna collections were transferred from the 7% formalin solution to 70% ethanol. The collections were sorted, identified to the lowest taxonomic affinity possible and counted. Species richness, species evenness (J') and Shannon-Weiner diversity (H') were calculated for each collection. Where possible, the residency status (endemic versus nonendemic) of each species was determined. For the purposes of this study, 'endemic' refers to those species known only from seep sites, while 'non-endemic' refers to those species known from the background fauna of the ULS. Associated fauna abundances were standardized to densities m -2 . Statistical analyses. Species effort curves were constructed using EstimateS software package (Colwell 2004 ) with cumulative bottom sampling area (0.196 m 2 per sample) and cumulative number of individuals as measures of effort. Total species richness was extrapolated for BP and BH using the Incidence-based Coverage Estimator (ICE) as it tends to provide more consistent estimates than other techniques when the number of samples is small (Chazdon et al 1998) . Spearman's rank correlations were used to compare community characteristics (species richness, evenness and diversity, fauna density and proportion of endemics) with mussel habitat characteristics (mussel density, shell surface area and biomass and oxygen, methane and sulfide concentration). Canonical Correspondence Analysis (CCA) was used to analyze species distributions among the different collections (PC-ORD for Windows 4.0, MjM Software). The species abundance table (standardized fauna densities) was used as the main matrix (13 collections × 19 species). Environmental dissolved gas concentrations were log-transformed (Palmer 1993) and were then combined with mussel density, shell surface area and biomass to form the second matrix (13 collections × 6 parameters). Site scores were centered and normalized to a mean of zero and a variance of 1. Collections from BP in 1997 were not included in either the Spearman's rank correlation or CCA analyses.
RESULTS AND DISCUSSION
A total of 19 species were identified in the 17 collections made here (see Appendix 1). Thirteen species were found in 10 collections at BP (8 in 1995 BP (8 in , 11 in 1997 , 12 species were found in 4 collections at BH, 11 species in 2 collections at GC and 6 species in 1 collection at GB. In general, species richness and overall fauna density in individual collections tended to be lower at brine sites than at petroleum sites ( Table 1) . The shape of the species effort curves suggests that species accumulation would continue relatively quickly with additional sampling overall, but that at the 2 most heavily sampled sites (BH and BP) additional sampling would result in the accumulation of only a few new species (Fig. 2) . At BP, the first sample yielded an average of 4.7 species with the 5 additional samples adding only 3 more species. At BH, at least 1 species was added up to the fourth sample. Estimates of total species richness based on ICE indicate that BP supported approximately 11 species, while BH supported approximately 17 species. The 4 samples taken at BP in 1997 yielded 11 species suggesting the estimate of total species richness is an underestimate for this site. Species accumulation curves approach the asymptote rapidly in hydrothermal vent mussel beds as well (Van Dover 2002) . In general, this reflects a vent/seep fauna composed of a relatively small number of widely distributed species.
BP was dominated by polychaetes, particularly the endemic orbiniid Methanoaricia dendrobranchiata, while BH was dominated by small endemic grazing gastropods such as Bathynerita naticoidea and Provanna sculpta (Table 2) . B. naticoidea was present at all sites, accounting for between 8.4 and 63.9% of the individuals collected. The endemic shrimp Alvinocaris stactophila dominated the crustacean fauna, accounting for at least 11.8% of the individuals at each site and was more dominant at brine sites than at petroleum sites ( Table 2 ). The 4 most abundant species at each site accounted for at least 94.5% of all the individuals at that site. Seep endemic species dominated the fauna living amongst the mussel shells, accounting for 100% of all species and individuals that could be assigned an endemic/non-endemic status in most collections (Table 1 ). The extent of endemicity amongst the fauna at BP was particularly striking; in 1995, only a single invertebrate (1 Eosipho canetae) among 814 collected was non-endemic, and in 1997, 7 invertebrates (5 E. canetae, 2 Cantrainea macleani) among 448 collected were non-endemic. At BH and GC, the nonendemic fauna was numerically dominated by the gastropod Cataegis meroglypta.
The low species richness and high endemicity of fauna associated with these mussel beds is more similar to communities associated with hydrothermal vent mussel beds on the Mid-Atlantic Ridge than other seep habitat types. For example, Van Dover & Trask (2000) found 13 and 17 species (excluding small fauna that would have passed through a 2 mm sieve such as ostracods and copepods) in mussel beds at 2 different sulfide structures on the Mid-Atlantic Ridge. By contrast, Bergquist et al. (2003) found between 21 and 40 associated heterotrophic species in each of 4 vestimentiferan aggregations collected from BH and GC on the ULS. Likewise, the proportion of endemic species inhabiting hydrothermal vent environments is approximately 95% (Tunnicliffe 1991) , whereas this proportion in vestimentiferan aggregations at BH and GC was between 50 and 80% (Bergquist et al. 2003) . Numerous investigators have proposed that the chemical toxicity of vent and seep habitats may limit the number of species capable of exploiting these highly productive environments (Tunnicliffe 1991 , Carney 1994 , Fisher 1996 . Because of their dependence upon methanotrophic endosymbionts, Bathymodiolus childressi are located in areas of heavy seepage where methane is abundant, oxygen is scarce and sulfide and crude oil are often present (Kochevar et al. 1992 , Nix et al. 1995 . These conditions may create a microenvironment more similar in terms of chemical toxicity to that at hydrothermal vents than to that in vestimentiferan aggregations on the ULS. In general, the brine sites (BP and GB) were characterized by higher methane concentrations, lower oxygen concentrations, lower mussel densities and higher mussel biomass than the petroleum sites (BH and GC; Table 3 ). However, these characteristics varied substantially within the individual sites. At BP, mussel density and biomass decreased from the inner edge of the bed (nearest the brine) to the outer edge of the bed (furthest from the brine), and sulfide levels tended to increase toward the middle and outer portions of the bed. At BH, oxygen concentrations, mussel densities, surface areas and biomass all varied substantially between different mussel beds. Community characteristics were most closely correlated with differences in methane and oxygen concentrations (Table 4) . Species richness, fauna density and, to a lesser extent, species diversity were significantly and negatively correlated with methane concentration; species richness and fauna density were significantly and positively correlated with oxygen concentration. The percentage of individuals within a community represented by endemics was positively correlated with mussel surface area and biomass, measures of the quantity of available structural habitat and, potentially, primary production. Because Bathymodiolus childressi are associated with areas of active seepage, the dominance of endemics in locations with the greatest mussel biomass is not surprising as both the higher productivity and toxicity is expected in these areas.
The positive relationships between species richness and fauna density and environmental oxygen concentration, suggest that oxygen availability is likely to play a key role in structuring seep mussel bed communities. The tendency of BP to host communities of lower species richness and lower fauna density may at least partially reflect the lower oxygen levels of the site. However, mussel beds at BH and GC are typically in close proximity to, or surrounded by, dense vestimentiferan aggregations, so the higher species richness of mussel beds at these sites could also reflect colonization of mussel beds from these aggregations or species living within the vestimentiferan aggregations foraging within the mussel beds.
CCA showed that Axis 1 explained 38.8% of the variation in community structure and Axes 2 and 3 explained an additional 10.9 and 8.7%, respectively (Table 5 ). Oxygen and methane concentrations and, to a lesser extent, mussel biomass were the environmental variables most closely correlated with Axis 1, while sulfide and mussel surface area were those most closely correlated with Axis 2 (Table 6 ). Sulfide and mussel biomass were the variables most strongly correlated with Axis 3, but the magnitudes of these correlations were weak (< 0.5). CCA separated polychaetes, alvinocarid shrimp and gastropods along Axis 1, with polychaetes and alvinocarid shrimp (particularly Methanoaricia dendrobranchiata, Alvinocaris stactophila and Alvinocaris stactophila affinis) tending towards lower oxygen and higher methane and gastropods (particularly Provanna sculpta, Cataegis meroglypta and Cantainea macleani) tending toward higher oxygen and lower methane (Fig. 3) . The endemic nerite gastropod Bathynerita naticoidea was also associated with higher oxygen and lower methane as well as higher sulfide. The predaceous non-endemic gastropod Eosipho canatae and the larger predaceous decapods (Munidopsis sp. and the Bresillid shrimp) were associated with lower sulfide and higher oxygen concentrations.
The densities of the dominant gastropod species (Bathynerita naticoidea, Cataegis meroglypta and Provanna sculpta) were positively and significantly correlated with each other (Table 7 ). The densities of these dominant gastropods were negatively, although not significantly, correlated with the density of the orbiniid polychaete Methanoaricia dendrobranchiata. The density of the galatheid crab Munidopsis sp. 1 was also negatively correlated with M. dendrobranchiata density but this relationship was not significant. Overall, polychaete density was negatively correlated with gastropod density (r = -0.535, p = 0.060), but no relationship was detected between crustacean density and either polychaete (r = 0.153, p = 0.606) or gastropod densities (r = 0.297, p = 0.325). The dominant resident fauna of mussel beds varied among beds and along measured environmental gradients. Carney (1995) reported a monotonous fauna associated with mussel beds on the ULS. While examination of the presence or absence of dominant species among different sites (BP, GB, BH, GC) generally supports this conclusion, closer inspection of within and among bed patterns indicates these communities are actually quite heterogeneous. As all the fauna found in this study are mobile, this finer scale variability in individual species distributions most likely reflects their responses to physical and biological environmental characteristics that vary on small spatial (and perhaps temporal) scales.
The most striking patterns in species distributions were the relationships among the 3 dominant gastropods (Bathynerita naticoidea, Provanna sculpta, Cataegis meroglypta) and the orbiniid polychaete Methanoaricia dendrobranchiata. The densities of the 3 most abundant gastropod species were all positively correlated with each other, suggesting these species require a similar set of environmental conditions, but the densities of these species were negatively correlated with densities of M. dendrobranchiata. All 4 species most likely have similar feeding habits (bacterivory/ detritivory), so this suggests some level of resource partitioning among them. CCA indicates some separation among the three gastropods along gradients in oxygen and sulfide, but the strong positive correlations between the densities of the three gastropods suggests that any partitioning occurring between these species is occurring at small spatial scales or in ways not measured in this study.
The relationship between Methanoaricia dendrobranchiata and the three dominant gastropods may reflect differences in the microenvironments they inhabit. The gastropods were associated with mussel beds having higher oxygen and lower methane concentrations, while M. dendrobranchiata was associated with lower oxygen and higher methane. M. dendrobranchiata possesses several functional characteristics favorable in low oxygen environments, including hypertrophied gills that provide large surface area for gaseous exchange, thin gill epithelia that reduce diffusion distances, hemoglobin with a high oxygen affinity and substantial tolerance of extended periods of anoxia (Hourdez et al. 2001 , Hourdez et al. 2002 . At present, it is unknown if the gastropods possess specialized anatomical or physiological characteristics favorable to low oxygen environments. The difference in the microenvironments inhabited by the gastropods and M. dendrobranchiata may reflect one or a combination of factors including habitat preferences, competitive exclusion and/or differential predation pressure. Table 1 for full species names 
